Non-claret disjunctional protein (Ncd) is a minus enddirected microtubule motor required for normal spindle assembly and integrity during Drosophila oogenesis. We have pursued equilibrium binding experiments to examine the affinity of Ncd for microtubules in the presence of the ATP nonhydrolyzable analog 5-adenylyl-␤,␥-imidodiphosphate (AMP-PNP), ADP, or ADP ؉ P i using both dimeric (MC1) and monomeric (MC6) Ncd constructs expressed in Escherichia coli. Both MC1 and MC6 sediment with microtubules in the absence of added nucleotide as well as in the presence of either ADP or AMP-PNP. Yet, in the presence of ADP ؉ P i , there is a decrease in the affinity of both MC1 and MC6 for microtubules. The data for dimeric MC1 show that release of the dimer to the supernatant is sigmoidal with the apparent K d(P i ) for the two phosphate sites at 23.3 and 1.9 mM, respectively. The results indicate that binding at the first phosphate site enhances binding at the second site, thus cooperatively stimulating release. Stoppedflow kinetics indicate that MgATP promotes dissociation of the Mt⅐MC1 complex at 14 s ؊1 , yet AMP-PNP has no effect on the Mt⅐MC1 complex. These results are consistent with a model for the ATPase cycle in which ATP hydrolysis occurs on the microtubule followed by detachment as the Ncd⅐ADP⅐P i intermediate.
Non-claret disjunctional protein (Ncd) 1 is a member of the kinesin superfamily of molecular motors that translocate along microtubules by coupling ATP hydrolysis to force production (1, 2) . Conventional kinesin, the founding member of this family, moves toward the plus end of neuronal microtubules, transporting membranous organelles from the cell body toward the synapse (3, 4) . Ncd, on the other hand, is responsible for the microtubule movements required for spindle organization and maintenance during oogenesis and the early cleavages of the Drosophila melanogaster embryo (5, 6) . Surprisingly, Ncd exhibits motility behavior that is quite different from that of kinesin even though the motor domains of kinesin and Ncd (ϳ320 amino acids) are remarkably similar both in amino acid sequence (ϳ40% identity) and three-dimensional structure (7) (8) (9) . For example, Ncd drives movement to the minus end of microtubules, yet kinesin promotes plus end-directed movement (10, 11) . In addition, the velocity of Ncd movement in microtubule gliding assays (100 -230 nm/s) is slower than the movement reported for kinesin (500 -800 nm/s) (12) (13) (14) (15) (16) (17) (18) (19) , and Ncd does not exhibit the highly processive movement along the microtubule lattice that is characteristic of kinesin (20) .
Although the motility of Ncd and kinesin appear to be quite different, recent kinetic studies to compare Ncd and kinesin have indicated there are similarities in the ATPase mechanism. For both Ncd and kinesin, ADP release is the ratelimiting step in the absence of microtubules, and microtubules directly and dramatically activate the dissociation of ADP from both kinesin and Ncd (21) (22) (23) . These preliminary studies have also shown that kinesin is a much faster ATPase than Ncd.
Structural studies have also been pursued to compare the complexes produced by the interaction of either kinesin or Ncd with microtubules. These high resolution electron microscopic reconstructions have revealed important differences in the microtubule-motor complex that may provide insight into the mechanism of movement (24 -28) . For dimeric Ncd, both motor domains are clearly visible and are in direct contact with each other. However, one motor domain is bound to the microtubule with the second partner motor domain detached from the microtubule lattice and pointing toward the microtubule minus end (25) (26) (27) . In contrast, dimeric kinesin under similar experimental conditions shows a different three-dimensional image reconstruction and diffraction pattern (24, 25, 27) . The published data to date indicate that one motor domain is bound directly to the microtubule surface. However, the results for the partner motor domain are not as straightforward. It was originally proposed that the second head of kinesin was detached and only partially visible because of disorder (24, 25) . Furthermore, the authors proposed that the differences observed in the orientation of the second head of kinesin and Ncd reflected the difference in the mechanism of motility. Although Hoenger et al. (27) recently reported similar experimental results, they argued quite convincingly that the second motor domain was also bound to the microtubule requiring separation of the motor domains at the neck helices. Regardless of the interpretation of the diffraction patterns or image reconstructions, the position of the second motor domain of kinesin is very different from the second motor domain of Ncd, illustrating by another criterion a fundamental difference in these two motors. Therefore, comparative studies of kinesin and Ncd are important in determining mechanistic and structural features that are both common and different for unidirectional motor proteins such as actomyosin, kinesin, dynein, DNA helicases, and RNA and DNA polymerases.
We have pursued kinetic and equilibrium binding experiments using both monomeric and dimeric constructs of Ncd in the presence of various nucleotides and nucleotide analogs. These studies examine the microtubule affinity of the different Ncd-nucleotide intermediates. From these data we can infer which Ncd intermediates are bound to the microtubule and which intermediates are dissociated from the microtubule during the ATPase cycle. Such studies have been undertaken for kinesin and Ncd in the past, and it has been well established that the analogs resembling the ATP intermediate, such as AMP-PNP, are tightly bound to the microtubule and that the ADP intermediate is more weakly bound (23, 29, 30) . However, it has not been clearly established for Ncd which intermediate actually detaches from the microtubule during the ATPase cycle. We report here that in the absence of added nucleotide, in the presence of AMP-PNP, or in the presence of ADP, Ncd sediments with microtubules. Yet, in the presence of ADP plus phosphate, Ncd dissociates from microtubules as reported for kinesin (30) , and the dissociation from microtubules is cooperative for dimeric MC1. The kinetic and equilibrium binding results described below indicate that the formation of the N⅐ADP⅐P i intermediate weakens the affinity of the Ncd motor domain for the microtubule. We propose that it is this intermediate that detaches from the microtubule during the ATPase cycle.
EXPERIMENTAL PROCEDURES

Materials-[␣-
32 P]ATP (Ͼ3,000 Ci/mmol) was purchased from NEN Life Science Products, PEI-cellulose F TLC plates (EM Science of Merck, 20 ϫ 20 cm, plastic backed) from VWR Scientific (West Chester, PA), and taxol (Taxus brevifolia) from Calbiochem. AMP-PNP, ATP, GTP, DEAE-Sepharose FF, and SP-Sepharose were obtained from Pharmacia Biotech Inc. (Uppsala, Sweden).
Buffers-The following buffers were used for the experiments described: 25 mM Kacetate ATPase buffer for equilibrium binding experiments (20 mM HEPES, pH 7.2, with KOH, 0.1 mM EDTA, 0.1 mM EGTA, 2 mM Mgacetate, 25 mM Kacetate, 1 mM DTT, 5% sucrose). 50 mM Kacetate ATPase buffer for kinetics experiments (20 mM HEPES, pH 7.2, with KOH, 0.1 mM EDTA, 0.1 mM EGTA, 5 mM Mgacetate, 50 mM Kacetate, 1 mM DTT, 5% sucrose).
Purification of Dimeric MC1 and Monomeric MC6 -Dimeric MC1 and monomeric MC6 were expressed from pET/MC1 and pET/MC6, respectively (18) . These clones were generously provided by Dr. Sharyn Endow, Duke University Medical Center. MC1 protein expressed from the plasmid contains the N terminus 11 amino acids from bacteriophage T7 S10 protein (MASMTGGQQMG) followed by 2 linker residues (RD), and Leu 209 -Lys 700 from MC1 as originally described (18) . The MC6 protein expressed from the plasmid contains no T7 S10 protein amino acids and is composed of Ncd amino acids Met 333 -Lys 700 with amino acid residue 699 changed from aspartic acid to glycine as originally described (18) . Both constructs were sequenced to confirm that the Ncd insertions were unaltered. MC1 and MC6 were expressed separately in Escherichia coli strain BL21(DE3) and purified as described with minor modifications (18) . Protein concentration of purified Ncd was determined using the Bradford method (IgG or ovalbumin as standard), by measuring absorbance at 280 nm, and by measuring absorbance at 259 nm to determine the concentration of the stoichiometrically bound ADP (⑀ ADP ϭ 15,400 (32) . Analytical Ultracentrifugation-All experiments were conducted on a Beckman Optima XLA analytical ultracentrifuge equipped with absorbance optics and an An60Ti rotor. Temperature was calibrated as described previously (33) with the following modifications. All experiments were conducted in 20 mM HEPES, pH 7.2, with KOH, 5 mM Mgacetate, 0.1 mM EGTA, 0.1 mM EDTA, 50 mM Kacetate, 0.1 mM DTT, 5% sucrose including 50 -100 M MgATP, MgADP, or MgAMP-PNP as noted. The density of each buffer was measured in either a Mettler Paar DMA 02D or an Anton Parr DMA 5000 precision density meter and used accordingly. The average density value was 1.0199 at 24.7°C. Buffer viscosity (average value 1.0858 at 24.7°C) was measured in a Cannon-Manning semi-micro viscometer. The partial specific volume, , of each construct (MC1 ϭ 0.7255; MC6 ϭ 0.7266) was calculated by the method of Cohen and Edsall and included the effect of a single bound nucleotide molecule (34, 35) .
Velocity data were analyzed using DCDT (36) as described (33) . Velocity data were also analyzed with the newest version of SVED-BERG (version 5.01) which utilizes a modified Fujita-MacCosham function and allows direct fitting of the data to molecular weight (37) . It had previously been shown that the molecular weight of samples that aggregate during sedimentation equilibrium can be reasonably estimated by these methods (30) . Equilibrium experiments were performed at 16,000 rpm for MC1 and 22,000, 30,000 and 32,000 rpm for MC6 in charcoal-filled epon six channel centerpieces. Data sets were fit individually or jointly with NONLIN (38) to an appropriate association scheme. The sequence-derived molecular weights, including one bound nucleotide, correspond to the monomer, M 1 , in an association scheme. For fits to an association scheme, M 1 was held at the correct value. For MC1 the molecular weight of an MC1⅐ADP complex is 57,789 or 115,578 for a dimer, and for MC6 the molecular weight of the MC6⅐ADP complex is 42,025. The best fit of sedimentation equilibrium data for MC6 is a singular monomeric species. For MC1 at room temperature, the continuous loss of material from the gradient and the presence of irreversible aggregates in the presence of AMP-PNP complicated estimates of a K d for dimerization (see "Results"). At 3.6°C, the best fit of sedimentation equilibrium data is either a single dimeric species or a monomer-dimer model with a K d Ͻ 1.5 nM.
Microtubule Binding Experiments-Equilibrium binding experiments were performed at 25°C in ATPase buffer at 25 mM Kacetate with all concentrations reported as final values after mixing. In the binding stoichiometry experiment (Fig. 6 ), 2 M MC1 was incubated with taxol-stabilized microtubules (0 -8 M tubulin; 40 M taxol) in a 220-l reaction. For the experiments performed at constant tubulin concentration (Figs. 7 and 10), 2 M MC1 or MC6 were incubated with taxol-stabilized microtubules (4 M tubulin) for 15 min to preform the M⅐N complex. This complex was then incubated with one of the following nucleotides for an additional 30 min to allow the system to reach equilibrium: MgAMP-PNP, MgADP, or MgADP ϩ potassium phosphate, pH 7.2. The 220-l reaction mixture was then added to UltraClear centrifuge tubes (Beckman Instruments, Palo, Alto, CA) and centrifuged in a Beckman Airfuge at 30 pounds/square inch (100,000 ϫ g) for 30 min to separate free Ncd in the supernatant from Ncd which sediments with the microtubules. 110 l of the supernatant were removed and combined with 28 l of 5ϫ Laemmli sample buffer. The remaining supernatant was removed and discarded. ATPase buffer (100 l) was added to the tube without disturbing the pellet and then gently removed to wash away any residual supernatant. Subsequently, the pellet was resuspended in 55 l of 5ϫ sample buffer plus 220 l of ATPase buffer (the original sample volume). The supernatant and pellet from each sample were boiled for 5 min, loaded at equal volume on an 8% acrylamide, 2 M urea SDS gel, and electrophoresed. To determine the concentrations of Ncd and tubulin in the supernatant and pellet, the Coomassie Blue-stained gels were analyzed using an Envisions ENV24Pro digital scanner (Envisions Solutions Technology, Burlingame, CA) and quantified using NIH Image version 1.60. MC1 and MC6 showed a linear increase in Coomassie Blue-staining intensity as a function of protein concentration loaded in the range of 0.025 to 12 M protein.
Data Analysis-The microtubule-Ncd equilibrium binding data were fit to one of the following equations by a nonlinear least squares method using KaleidaGraph software (Synergy Software, Reading, PA). The binding stoichiometry of MC1 and microtubules (Fig. 6B ) was determined by plotting the data as the MC1 dimer concentration sedimenting with microtubules as a function of total microtubules (expressed as ␣,␤-tubulin heterodimer concentration). The analysis assumes a single binding site on the microtubule for each MC1 dimer consistent with the image reconstruction data on the mode of interaction between Ncd and microtubules (25, 26, 28) . The microtubule pelleting experiments cannot differentiate between both motor domains bound to the microtubule or a single motor domain bound with the partner domain detached; however, both motor domains bound to the microtubule is considered to be unlikely. Therefore, the data were fit to the quadratic Equation 1 .
where Mt⅐N is the concentration of MC1 dimer bound to the microtubule; N 0 is the total MC1 dimer concentration; Mt 0 is total tubulin concentration, and K d is the dissociation constant. The Mt⅐N complex was also plotted as a function of free microtubules not in complex with MC1 and fit to a hyperbola shown in Equation 2.
where N is the maximum concentration of MC1 dimer that sediments with microtubules; M f is the concentration of free tubulin not in complex with Ncd, and K d is the the apparent dissociation constant. Both methods of fitting the data provide approximately equivalent constants for 
where Y s is the fraction of MC1 partitioning to the supernatant; P i is the concentration of potassium phosphate; K h is the product of the K d values of the cooperative sites; and n is the Hill coefficient which provides an estimate of the number of cooperative sites. The data were also fit to a model assuming two stepwise binding reactions for phosphate with the association constants K 1 and K 2 . The reactions have been simplified showing only the binding of ligand P i , although it is assumed that phosphate binds the N⅐ADP intermediate rather than free N (see Equations 4 and 5) .
Fractional partitioning (Y s ) to the supernatant assumes that both motor domains are detached from the microtubule as N⅐ADP⅐P i intermediate and can be defined as shown in Equation 6 .
and using Equations 4 -6, fractional partitioning to the supernatant is as shown in Equation 7.
Data in Fig. 8B were plotted as the fraction of MC1 partitioning to the supernatant as a function of MgADP concentration and fit to the function shown in Equation 8 .
where is N is the maximum MC1 dimer partitioning to the supernatant; The experiments were performed to determine the relative affinity of Ncd for microtubules in the presence of various nucleotides and nucleotide analogs, and this report is the first in a series of mechanistic studies to compare Ncd with the kinesin ATPase. The buffer used for Ncd presteady state kinetic studies is the same buffer used in the kinesin studies (31-33, 39 -43) to facilitate direct comparison of the two enzymes. However, for the microtubule binding studies, we have decreased the Kacetate concentration from 50 to 25 mM. Ncd has been well documented to be sensitive to buffer conditions; in fact, the original purification strategy based on microtubule affinity was not successful because Ncd precipitated in PEM buffer (80 mM PIPES, 1 mM EGTA, 2 mM MgCl 2 ) (11). Therefore, the microtubule binding assays reported here were performed at 25 mM Kacetate to ensure that after addition of nucleotides and potassium phosphate, MC1 and MC6 did not sediment in the absence of microtubules during centrifugation. In addition, we included 5% sucrose in the buffer to stabilize MC1 and MC6. Ncd is more labile than kinesin, and the added sucrose prevents protein degradation.
To evaluate the kinetics of MC1 at 25 mM salt, steady state kinetic experiments were performed using both the 25 and 50 mM Kacetate ATPase buffer. As shown in Fig. 2 tration in different nucleotide conditions. For MC1 in AMP-PNP or in the absence of nucleotide at 24.7°C, there is a tendency to aggregate as demonstrated by an increase in s 20,w with decreasing protein concentration (note the AMP-PNP (E) data and the linear fit of those data) and a skewed g(s) pattern (Fig. 4) . Thus, only data in ADP or ATP were used in a linear fit to get an extrapolated s 20,w value. The extrapolated values were 5.00 Ϯ 0.05 S for MC1 and 3.31 Ϯ 0.03 S for MC6. There is no significant trend with protein concentration suggesting no additional association in this concentration regime. This is demonstrated by the average values for MC1 which are 5.03 Ϯ 0.09 S for ADP and 5.08 Ϯ 0.05 S for ATP, and for MC6 which is 3.23 Ϯ 0.07 S for ADP and ATP conditions combined. MC1 data with exception are best fit by SVEDBERG with 2 species, a 4.88 Ϯ 0.05 S zone and 12.6, 15.7, and 20.1% aggregate in ADP, ATP, and AMP-PNP conditions, respectively. Thus, the linear fit of the s 20,w data is a reasonable estimate of the major species present. For MC6 the average values for the major species are 3.37 Ϯ 0.05 and 3.17 Ϯ 0.09 S for one and 2 species fits with SVEDBERG, respectively.
One or two species fits with SVEDBERG can also be used to estimate the molecular weight of this species (37, 46) . Broadening of the sedimentation zone due to the presence of aggregate will underestimate molecular weight for single species fits. Two species fits with SVEDBERG were in general the best fits to all MC1 data. The molecular weight of the major species is estimated to be 110,600 Ϯ 11,200 for ADP conditions, 98,400 Ϯ 10,700 for ATP, and 90,300 Ϯ 11,300 for AMP-PNP. Although these data are in reasonable agreement with the presence of MC1 dimers in solution, they suggest that increasing amounts of aggregate interfere with accurate estimates of the molecular weight of MC1. This may in part reflect the fact that SVEDBERG cannot properly fit to a broad distribution of aggregated species, and thus some of this error translates into uncertainty about the size of the major species.
In general, one species models provide reasonably good fits for MC6 in ADP or ATP (Fig. 3) . The two species fits suggest approximately 6% aggregate, although approximately half of those fits fail to converge. The molecular weight estimates are significantly lower than the expected value of 42,025 daltons. In AMP-PNP one species fits give a value of 29,556 Ϯ 4180, while 2 species fits give a value of 38,245 Ϯ 3754. In ADP and ATP conditions, the values are 25,665 Ϯ 3078 and 33,666 Ϯ 5753 for one and 2 species fits, respectively. It is possible that either small amounts of aggregate are difficult to resolve in the 2 species fits and thus accurate estimates of molecular weight are not possible, or there is significant error in the estimated (see below). Nonetheless, 2 species fits give molecular weight estimates that are 80 -91% of the monomer molecular weight and consistent with MC6 being primarily monomeric in solution.
Sedimentation Equilibrium Studies of MC1-Initial sedimentation equilibrium experiments were performed at 24.7°C (Fig. 4) . For all nucleotide conditions there was a significant loss of material throughout the experiment. By 28 h 40% of the protein sedimented in ADP or ATP, and 60% sedimented in AMP-PNP. These results reflect the lability of this protein in the absence of microtubules at 24.7°C. Despite this continuous loss, the data at 16, 22, and 28 h could be globally fit. For ADP and ATP conditions, the best fit was either a single species or a monomer-dimer fit, with the monomer dimer model being slightly better. The K d for dimerization was 31 and 38 nM for ADP and ATP conditions, respectively. However, there was significant cell to cell variation and a slight increase in molecular weight with time. In AMP-PNP conditions, the data could not be fit to either a single species model or a monomer-dimer model. The data could be fit to either a monomer-dimer-trimer or monomer-dimer-tetramer model but again with significant cell to cell variation. Based upon the sedimentation velocity data and the magnitude of these K d estimates, we conclude that MC1 is predominantly dimeric in the binding studies described here, but protein instability makes definitive quantitative analysis at room temperature difficult.
Experiments were then performed at 3.6°C to increase the stability of the protein (Table I) . This approach has been reasonably successful with kinesin constructs in previous equilibrium studies (30) . Table I presents the results of analysis performed on samples in the presence of 50 M ATP, ADP, and AMP-PNP. In ATP and ADP the best global fit is to a single species corresponding to dimeric MC1. The fitted molecular weights (114,713 and 115,728) are in excellent agreement with the expected molecular weight for a dimer, 115,578. Fits to a monomer-dimer model, also presented in Table I , are equivalent with a K d of 1.6 and 0.014 nM, respectively. These values are at or below the limits of detection, as evidenced by the best fit being to a single species model, and should be considered to be identical. Thus, in the cold MC1 is a tightly associated dimer. In the presence of AMP-PNP, there is a slight loss of material with time although much less so than at room temperature. Single species fits give a molecular weight that is within 4% of the expected molecular weight for a dimer. Fits to a monomer-dimer model give a slightly better fit and corre- spond to a K d of 47.6 nM. As with the 24.7°C data (Fig. 4) , this may in part reflect a nonequilibrium distribution and a gradual loss of material. Protein self-association is generally enhanced at higher temperatures by entropic forces, and thus we anticipate the K d will decrease with increasing temperatures. (The uncertainty in the 280 nm extinction coefficient described above is not a significant consideration because even a 2-fold smaller value will only increase K d 2-fold.) Thus, the results at cold temperatures with ADP and ATP suggest even tighter association at room temperature. There is a tendency to aggre- gate in the absence of stabilizing nucleotide concentrations, but all the binding data reported in these studies are obtained at millimolar nucleotide concentrations. Therefore, we conclude that under the experimental conditions of these binding studies, room temperature, millimolar nucleotide concentration, and 2 M protein, MC1 is predominantly or exclusively dimeric.
Sedimentation Equilibrium Studies with MC6 -All sedimentation equilibrium experiments with MC6 were consistent with the absence of self-association or aggregation (Fig. 5 and Table II) . Table II summarizes the results from fitting data sets jointly for multiple experimental conditions and centrifugation speeds. However, the molecular weights were consistently smaller than the expected molecular weight. Experiments were repeated at 3 speeds, and data were collected at multiple wavelengths (236, 240, and 280 nm). All data gave the same results, within error, corresponding to 37,556 Ϯ 838. This is 89.4% of the expected molecular weight of 42,025. This biased error is not likely to be due to a density problem because the density of each solvent was measured and even 10% sucrose would only decrease the apparent molecular weight by 5.7%. Thus, we must conclude that a 3.6% error in (0.7266 to 0.7532) accounts for the low values, possibly due to differential hydration induced by sucrose (47) . Because the of sucrose is less than that used for this protein, sucrose binding does not explain the result. Rather, these results suggest that the sedimentation velocity data gave smaller than expected estimates of molecular weight for similar reasons, and both data sets are consistent with MC6 being a stable monomer in solution. A similar effect might also occur with MC1, but since data at 3.6°C is in general consistent with the expected dimer molecular weight our conclusions for MC1 are not altered.
Binding of MC1 to Microtubules-The first experiments evaluated the binding of dimeric MC1 to microtubules as a function of microtubule concentration in the absence of added nucleotides. Mt⅐MC1 complexes were incubated to reach equilibrium followed by centrifugation to obtain the supernatant and pellet of each Mt⅐MC1 reaction. SDS-polyacrylamide gel electrophoresis was performed to resolve MC1 and tubulin, and the concentrations of MC1 and tubulin in the supernatant and pellet were quantified. The data presented in Fig. 6 show that Ncd partitions with microtubules in the absence of nucleotide. MgADP ϩ potassium phosphate to represent the N⅐ADP⅐P i intermediate, and MgADP to represent the N⅐ADP intermediate. Fig. 7 shows that in the presence of ADP and AMP-PNP, all the MC1 sediments with microtubules. Our control experiments with MC1 in the absence of microtubules (data not shown) did reveal a progressive increase of MC1 in the pellet as the concentration of MgADP increased above 4 mM MgADP. At 4 mM MgADP, MC1 is completely soluble; yet at 8 mM MgADP, all MC1 sediments in the absence of microtubules. This phenomenon is not due to aggregation induced by the additional magnesium because 20 mM Mgacetate in the absence of ADP does not lead to sedimentation of MC1 to the pellet. In addition, at 20 mM MgAMP-PNP, MC1 is completely soluble. These results suggest that the sedimentation of MC1 in the absence of microtubules and at concentrations of MgADP greater than 4 mM is due to aggregation promoted by this nucleotide specifically. Hence, in subsequent experiments the MgADP concentration used is Յ2 mM MgADP. Fig. 7C shows that in the presence of 2 mM MgADP ϩ P i , MC1 partitions to the supernatant as a function of potassium phosphate concentration. Fig. 7D is a control experiment performed in the presence of MgADP ϩ Kacetate; only a trace amount of MC1 is observed in the supernatant at 18 mM Kacetate ϩ 2 mM ADP. The ionic strength of 18 mM Kacetate is comparable to the ionic strength of 7.5 mM potassium phosphate buffer at pH 7.2. At this concentration of potassium phosphate Ͼ50% of MC1 is detached from the microtubules (Fig. 7C) . These results indicate that the partitioning of MC1 to the supernatant in the presence of ADP ϩ P i is specific for phosphate and is not due to an increase in ionic strength which accompanies the addition of potassium phosphate. We interpret these data to indicate that the N⅐ADP⅐P i intermediate is detached from the microtubule during the ATPase cycle.
Cooperative Release of Motor Domains from the Microtubule- Fig. 8A shows the quantified data from the ADP ϩ P i SDS gel (Fig. 7C) demonstrating the partitioning of MC1 to the supernatant as a function of potassium phosphate concentration. Note that the graph shows a sigmoidal release of motor to the supernatant suggesting cooperativity. Initially, the data were fit to the Hill equation (Equation 3 ). This approach yields K h ϭ 36.8 Ϯ 8.6 mM P i (average K d per site at 6.1 mM) and the Hill coefficient n ϭ 1.76 Ϯ 0.11. The Hill coefficient at 1.76 is consistent with the interpretation that MC1 is a dimer with two highly cooperative interacting motor domains.
The data were also fit to Equation 7 which assumes two, stepwise binding reactions as described under "Experimental Procedures." The association constants for stepwise sequential binding of phosphate are
. These results indicate that it is very difficult for dimeric MC1 to bind the first phosphate (K d ϭ 23.3 mM). Yet once the first phosphate is bound, it becomes significantly easier to bind the second phosphate (K d ϭ 1.9 mM), reflecting positive cooperativity. Fig. 8B shows the converse experiment. The preformed Mt⅐MC1 complex was incubated in the presence of 10 mM potassium phosphate and increasing concentrations of MgADP (0 -2 mM; figure shows 0 -0.1 mM only). The K d(ADP) is 7.9 M. These results demonstrate that both ADP and P i are required at the active site for Ncd detachment from the microtubule. Furthermore, the K d(ADP) at 7.9 M indicates that ADP is more tightly bound than phosphate. The concentration of MgADP used in the experiment presented in Fig. 7C and Fig. 8A at 2 mM is ϳ250 times the K d(ADP) at 7.9 M. Therefore, the partitioning of MC1 to the supernatant as a function of phosphate concentration is due specifically to formation of the ADP⅐P i intermediate rather than to an experimental problem associated with ADP bound at the active site. Furthermore, at 10 mM potassium phosphate in the absence of MgADP (Fig. 8B) , the fraction of MC1 in the supernatant is 0.02. This result provides further evidence that the partitioning of MC1 to the supernatant is specific for ADP ϩ P i rather than an ionic strength effect caused by the addition of potassium phosphate. The binding of MgADP to dimeric MC1 may be cooperative also; however, sigmoidal release of MC1 to the supernatant was not observed at the concentrations of ADP used in this experiment. ) comprised only 1.7% of the total turbidity amplitude; therefore, this phase was not considered to be significant to the dissociation kinetics. Note that when the experiment was performed using the nonhydrolyzable ATP analog, MgAMP-PNP, the transient appears to be only noise, suggesting that ATP hydrolysis is required for dissociation of the Mt⅐MC1 complex. These results suggest that ATP hydrolysis occurs on the microtubule to form the N⅐ADP⅐P i intermediate. Subsequently and consistent with the data in Fig. 7C , the N⅐ADP⅐P i intermediate detaches from the microtubule at a rate constant of 14 s Ϫ1 . Equilibrium Binding of Monomeric MC6 -We performed microtubule binding experiments using MC6 to compare the behavior of this single motor to results obtained with dimeric MC1. Fig. 10 shows the Coomassie Blue-stained SDS gels of experiments in which the preformed Mt⅐MC6 complex was incubated in the absence of nucleotides and in the presence of MgAMP-PNP, MgADP, and MgADP ϩ potassium phosphate. As expected based on the experiments performed using MC1, monomeric MC6 sediments with the microtubules in the absence of nucleotides and in the presence of both ADP and AMP-PNP. Furthermore, like dimeric MC1, monomeric MC6 partitions to the supernatant in the presence of MgADP ϩ potassium phosphate (Fig. 10C) . However, the release of MC6 to the supernatant requires a much higher phosphate concentration than was observed for MC1 (Fig. 7C) . For example, at 10 mM potassium phosphate, MC1 is almost completely dissociated to the supernatant. By contrast, even at 20 mM potassium phosphate ϳ60% of MC6 still sediments with the microtubules. Furthermore, release of MC6 to the supernatant is not sigmoidal (data not shown) as expected for a kinetically independent motor. The data show that MC1 and MC6 partition to the supernatant only in the presence of ADP ϩ potassium phosphate. Furthermore, the results support the interpretation that the sigmoidal release of MC1 to the supernatant is due to the cooperativity exhibited by the interacting motor domains of the dimer such that the detachment of the second motor domain from the microtubule is dependent upon an allosteric conformational change in the first motor domain of MC1.
ATP-promoted
DISCUSSION
The purpose of this study was to determine the nucleotide state of the Ncd intermediates bound to the microtubule and the intermediates dissociated from the microtubule during the ATPase cycle. Our initial characterization of MC1 and MC6 revealed that MC6 is fully monomeric and MC1 is fully dimeric under the conditions used in these microtubule binding studies; therefore, MC1 represents a dimeric motor, whereas MC6 represents a kinetically independent motor domain. The microtubule binding and the kinetic results are consistent with simplified Scheme 1.
where M⅐N refers to the microtubule⅐Ncd complex. The microtubule binding studies show that Ncd sediments with microtubules in the absence of added nucleotides, in the presence of AMP-PNP, and in the presence of ADP (Figs. 6 and 7) . In fact, the only experimental condition that promotes Ncd dissociation from the microtubule is ADP ϩ phosphate. These results suggest that the N, N⅐ATP, and the N⅐ADP intermediates are all bound to the microtubule during the ATPase cycle, whereas the N⅐ADP⅐P i intermediate is detached from the microtubule.
These results are consistent with other reports that examined relative affinities of various Ncd⅐nucleotide states for microtubules although differences in Ncd construct size, buffer, and salt conditions affected the magnitude of the dissociation constants (23, 29, 44, 48, 49) . In the absence of nucleotide, both dimeric and monomeric Ncd sediment with microtubules with a K d that varies from 0.2 to 2 M tubulin. Furthermore, the affinity of Ncd for microtubules is dependent on ionic strength, with the binding weakened as the salt concentration is increased. This result is evident from the steady state parameters reported here (Fig. 2) as well as those reported by others (21, 23, 44) in which the K 1/2(Mt) increases as the salt concentration is increased.
ATP␥S, AMP-PNP, and ADP ϩ AlF 4 have been used to represent the N⅐ATP intermediate, and in each case these have been shown to promote tight binding of Ncd to microtubules (23, 29) . The N⅐ADP state has been reported to be more weakly bound than either the M⅐N⅐ATP state (ATP␥S, AMP-PNP, ADP⅐AlF 4 ) or the M⅐N state, i.e. in the absence of nucleotide (23, 29) . Our results show that ADP promotes Ncd association with microtubules (Figs. 7 and 10 The stopped-flow dissociation kinetics (Fig. 9) ADP⅐P i -promoted release of MC1 from microtubules ( Fig. 8 ) reveals a sigmoidal partitioning of MC1 to the supernatant. This is the first demonstration of cooperative interactions between the motor domains of dimeric Ncd, a characteristic well documented for dimeric kinesin (30, 42, 51, 52) . Furthermore, the MC1 dissociation constants for phosphate were quite high at 23.3 and 1.9 mM suggesting that there is resistance experimentally to obtaining the ADP⅐P i state at both sites of the dimer for MC1 to partition to the supernatant. Moreover, monomeric MC6 is more tightly bound to microtubules in the presence of ADP ϩ P i than dimeric MC1 (Figs. 7 and 10 ). These data support the hypothesis that cooperative interactions between the motor domains of the dimer establish an asymmetry in the interactions with the microtubule such that one motor domain facilitates the detachment of its partner motor domain. This type of model has been proposed for other energy-transducing proteins including kinesin and the E. coli Rep DNA helicase (30, 42, 43, 51-53) . In both cases, the motor domain is tightly bound to the filament, whereas the second motor domain is detached or weakly bound, and for both the asymmetry 2 C. C. Wadsworth and S. P. Gilbert, personal communication. is thought to be controlled by the ATPase cycle and to be important for unidirectional movement. Fig. 11 shows a computer simulation of the phosphate binding data (Fig. 8A) with a sequential binding model that includes the affinity of P i ⅐ADP⅐N⅐ADP⅐P i intermediate for microtubules. This model predicts that it is very difficult to bind the first phosphate (K d(P i ) ϭ 24.7 mM). However, once the first phosphate is bound, the second phosphate is bound significantly easier (K d(P i ) ϭ 1.8 mM) resulting in a lack of accumulation of the N⅐ADP⅐P i intermediate. The very sharp rise in the fraction of MC1 partitioning to the supernatant occurring at ϳ2 mM phosphate suggests that phosphate binding at the first site leads to an allosteric conformational change which permits the second motor domain to bind phosphate. Furthermore, the magnitude of the dissociation constants support this interpretation. With a K d(P i ) of 24.7 mM, approximately 10 -20% of MC1 would have a single phosphate bound at 2 mM P i . Once the conformational change occurs, the second phosphate goes on easily. Therefore, the fraction of MC1 observed to partition to the supernatant is controlled by phosphate binding at the first motor domain because the phosphate concentration in the reaction is greater than the K d(P i ) for the second motor domain. The simulation also predicts that the ADP⅐P i ⅐N⅐ADP⅐P i intermediate is weakly bound to the microtubule with the K d Ն 1 mM. The formation of the Ncd species detached from the microtubule is superimposed on the curve representing the ADP⅐P i ⅐N⅐ADP⅐P i intermediate (curve 3). A verification of this model will require direct measurement of the Ncd species bound to microtubules including their nucleotide and P i content. Those experiments are currently underway. Also, a simple sequential model does not predict the very steep rise of the fraction of MC1 partitioning to the supernatant (Figs. 8A and 11, q) in the initial portion of the curve. However, we do not at this time have the data to support more complex models of cooperativity between the motor domains of dimeric MC1.
It is important to keep in mind that the conditions of these equilibrium binding experiments are artificial relative to the cellular environment. For example, the Ncd⅐ADP⅐P i intermediate forms via ATP hydrolysis in the cell. We performed a similar experiment to those shown in Fig. 7 by incubating the Mt⅐MC1 complex with 2 mM MgATP to determine the partitioning of MC1. The data (not shown) reveal ϳ60% of the MC1 partitions to the supernatant after the 30 min incubation which is consistent with our interpretation of the phosphate data presented in Fig. 7 . Furthermore, the experiments presented require both motor domains of MC1 to be detached from the microtubule for MC1 to partition to the supernatant, yet our data also suggest that the motor domains are interacting cooperatively such that one motor domain detaches prior to the other motor domain. These results challenge us to address experimentally whether dimeric Ncd is also a processive ATPase that moves via an alternating site hand-over-hand mechanism as does kinesin.
In summary, the kinetic and equilibrium binding experiments presented have provided new information about the interactions of the motor domains of dimeric Ncd with microtubules. These studies have provided direct evidence that the motor domains are cooperative and indicate that the formation of the N⅐ADP⅐P i intermediate weakens the affinity of the Ncd motor domain for the microtubule leading to its detachment during the ATPase cycle. Future experiments will be designed to understand the role of the cooperative interactions for unidirectional microtubule-based movement. FIG. 11 . Sequential phosphate binding to dimeric MC1. Computer simulation (Turbo Pascal) of all the species as dimeric Ncd binds phosphate through two stepwise reactions (Fig. 8A) . Curve 1 represents the N⅐ADP species. Curve 2 shows the appearance of the species with one phosphate bound, N⅐ADP⅐P i , and curve 3 shows the appearance of the species with phosphate bound at both motor domains, the P i ⅐ADP⅐N⅐ADP⅐P i intermediate. 
